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Abstract 

Research  funded  by  this  award  focused  on  the  synthesis  of  unique  plasmonic  nanoparticles, 
preparation  of  core-shell  particles  to  enhance  the  generation  of  hydrogen  via  the  photocatalytic 
splitting  of  water,  and  mechanistic  studies  of  the  charge  transfer  of  such  core-shell  particles.  A 
particular  emphasis  centered  on  the  synthesis  and  study  of  hollow  gold-silver  nanoshells  (GS- 
NSs)  having  tunable  localized  surface  plasmon  resonances  (LSPRs).  We  prepared  three  sizes  of 
GS-NSs  with  LSPR  maxima  centered  at  500,  700,  and  900  nm.  Subsequently,  we  coated  the  GS- 
NSs  with  a  shell  of  silica  (SiCh)  having  two  different  thicknesses,  17  nm  and  42  nm.  The 
generated  GS-NSs  (uncoated  and  SiCL-coated)  were  then  coated  with  the  photocatalyst,  which  in 
our  case  is  the  semiconductor  zinc  indium  sulfide  (ZnlmS^  ZIS).  After  evaluating  the 
photocatalytic  water  splitting  activities,  we  found  that  GS-NS(700  nm)@Si02(17  nm)@ZIS  has 
the  most  enhancement  factor  (2.6)  compared  to  that  of  ZIS  without  GS-NSs.  The  lifetime  of 
photo-generated  electrons  in  the  conduction  band  of  the  photocatalyst  was  observed  using  time- 
resolved  photoluminescence  (TRPL).  The  increase  of  electron  density  can  be  retrieved  by 
comparing  the  charge-carrier  dynamics  with  and  without  the  excitation  of  GS-NSs.  To  prepare  a 
better  coverage  of  the  ZIS  coating  on  the  SiCL  surface,  3-mercaptopropyltrimethoxysilane  (MPS) 
was  used  modify  the  Si02  surface.  The  ZIS  shell  was  then  grown  on  the  Si02  surface  to  afford 
composite  particles  having  a  smooth  morphology.  We  found  that  decreasing  the  concentration  of 
photocatalyst  precursor  and  increasing  the  content  of  SiCL  leads  to  a  better  coverage  of  the  ZIS 
shell.  We  are  also  exploring  the  use  of  nanoshells  coated  with  tin  oxide  (SnCL)  rather  than  silica 
(Si02)  and  coating  the  GS-NSs  with  zinc-  and  antimony-doped  SnC>2.  Furthermore,  we 
developed  new  routes  for  the  preparation  of  silver,  platinum,  and  palladium  seed  nanoparticles 
and  demonstrated  their  use  in  the  facile  synthesis  of  Ag,  Pt,  Pd,  and  Pt/Ag  nanoshells.  Separate 
studies  are  exploring  the  use  of  photonic  iron  oxide  (FesCL)  nanoparticles  as  co-catalysts  in 
photocatalytic  water  splitting.  Our  new  synthetic  procedures  pave  the  way  to  generate  complex 
composite  structures  having  controlled  nanoscale  composition  for  optimizing  solar  hydrogen 
production. 
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Introduction 

This  fundamental  research  effort  targets  the  synthesis  and  characterization  of  unprecedented 
photonic  nanoparticle  structures  and  the  fabrication  and  study  of  the  corresponding  nanoparticle- 
based  catalysts  for  solar-to-hydrogen  conversion.  The  intense  localized  surface  plasmon 
resonance  (LSPR)  can  generate  a  locally  enhanced  electric  field  in  the  proximity  of  the  metal 
NPs,1"4  and  this  LSPR-induced  electric  field  can  promote  the  photoexcitation  of  chromophores 
near  metal  NPs.  Further,  a  non-conducting  Si02  shell  coated  onto  Au  NPs  prevents  direct 
electron  transfer  between  the  NPs  and  the  contacting  semiconductor  material.  With  nanoshells, 
the  absorption  of  light  is  accompanied  by  the  conversion  of  photon  energy  to  heat  and  the 
transfer  of  heat  from  the  nanoshells  to  the  surroundings.  For  nanoshells  encapsulated  within  an 
appropriate  matrix,  the  LSPR  can  generate  two  forms  of  interactions,  motivating  reactions  within 
the  matrix.  The  exploration  and  development  of  these  unique  nanoparticles  and  composite 
catalysts  will  provide  enhanced  power  conversion  efficiencies  for  solar  cells,  which  will  lead  to 
efficient  fuel-cell  systems  and  self-  powered  structures  with  integrated  energy  harvesting/storage 
capabilities. 

We  prepared  samples  of  these  nanoparticles  with  LSPRs  at  systematically  varying  extinction 
maxima  across  the  visible  and  into  the  near  infrared  (NIR)  using  modifications  of  the  procedures 
outlined  in  a  previous  report  from  our  research  team.5  Our  hypothesis  rested  on  the  concept  that, 
when  combined  with  a  suitable  photocatalyst,  the  energy  absorbed/scattered  by  the  nanoshells 
would  be  redistributed  to  the  photocatalyst  through  various  dissipative  mechanisms.  We 
prepared  three  sizes  of  GS-NSs  with  LSPR  maxima  centered  at  500,  700,  and  900  nm. 
Subsequently,  we  coated  the  GS-NSs  with  a  shell  of  silica  (Si02)  having  two  different 
thicknesses,  17  nm  and  42  nm,  and  evaluated  these  coated  nanoshells  to  those  having  no  coating. 
The  generated  GS-NSs  (uncoated  and  Si02-coated)  were  then  coated  with  the  photocatalyst, 
which  in  our  case  is  the  semiconductor  zinc  indium  sulfide  (ZnIn2S4;  ZIS).  We  evaluated  the 
photocatalytic  water  splitting  activities  of  these  composites  and  compared  the  activities  to  that  of 
undoped  ZIS  samples.  These  systematic  studies,  the  results  of  which  are  now  published,1 
explored  ten  different  types  of  particles  (i.e.,  ZIS  nanocomposites  doped  with  three  different  GS- 
NSs  that  were  either  uncoated  or  coated  with  silica  shells  having  selected  thicknesses).  The 
results  indicate  that  doping  ZIS  photocatalysts  with  GS-NSs  enhances  the  rate  of  hydrogen 
production  due  to  interaction  between  the  LSPR  of  the  plasmonic  metal  core  and  the 
semiconductor  shell.  Specifically,  direct  contact  between  the  GS-NS  core  and  ZIS  shell  (i.e., 
doping  with  uncoated  GS-NSs)  led  to  enhanced  photocatalytic  activity  compared  to  ZIS  alone. 

In  our  previous  work,  we  developed  a  microwave-assisted  hydrothermal  method  to  generate  ZIS 
shell  onto  the  GS-NS  surfaces.  However,  the  coverage  and  thickness  of  ZIS  on  GS-NS  were  not 
precisely  controlled.  In  this  work,  part  of  the  efforts  focused  on  preparing  Si02  core-ZIS  shell 
nanoparticles  with  controlled  thickness  of  ZIS  shells,  to  completely  utilize  the  photocatalyst,  and 
optimize  the  solar  hydrogen  production.  In  addition  to  the  preparation  of  GS-NS @Si02  particles, 
we  are  also  exploring  the  GS-NS  coated  with  tin  oxide  (Sn02)  and  doped  Sn02.  Nanoshells  with 
other  architectures,  such  as  Ag,  Pt,  and  Pd  nanoshells,  Ag-free  Au  nanocage,  and  high  crystalline 
Fe304  were  also  synthesized.  These  unique  plasmonic  nanoparticles  will  further  be  tested  as  the 
integral  part  of  core-shell  particles  for  solar-to-fuel  photocatalytic  conversion. 
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Experiment 

Preparation  of  SiCh-Coated  hollow  GS-NSs. 

The  Si02-coated  hollow  GS-NSs  were  generated  using  a  modified  Stober  method.6  In  this 
procedure,  10  mL  of  a  solution  containing  hollow  gold  nanoshells  (GS-NSs)5  was  diluted  to  20 
mL  and  then  mixed  with  ammonium  hydroxide  (2  mL)  and  ethanol  (45  mL).  Under  vigorous 
stirring,  25-100  pL  of  TEOS  was  added  to  the  solution,  depending  on  the  desired  thickness  of 
the  Si02  shells.  The  mixture  was  then  further  stirred  overnight  at  rt  to  allow  the  hollow  GSNSs 
to  be  encapsulated  fully  by  the  SiC>2  shells.  The  resulting  solution  was  centrifuged  at  6000  rpm 
for  20  min  and  the  supernatant  decanted,  and  the  nanoshells  were  redispersed  in  ethanol.  This 
procedure  was  repeated  four  times.  Finally,  the  isolated  composite  nanoparticles  were 
redispersed  into  10  mL  of  ethanol  for  characterization  and  application. 

Preparation  of  GS-NS@Si02@ZIS  composite  structures. 

In  preparing  undoped  ZIS  particles,  zinc  nitrate  hexahydrate  (0.3  mmol),  indium(III)  nitrate 
hydrate  (0.6  mmol),  and  thioacetamide  (2.4  mmol)  were  dissolved  in  15  mL  of  deionized  (DI) 
water  under  vigorous  stirring  for  20  min.  The  solution  was  then  poured  into  a  30-mL  quartz 
vessel.  The  hydrothermal  reaction  took  place  in  a  microwave  reactor  (Monowave  300,  Anton 
Paar)  at  120  °C  for  10  min.  The  precipitates  were  collected  and  centrifuged  at  8000  rpm  for  5 
min.  The  resulting  particles  were  rinsed  thoroughly  with  DI  water  several  times  and  then  dried 
in  an  oven  at  80  °C  for  12  h.  For  the  synthesis  of  GS-NS@Si02@ZIS  particles,  a  250-pF  aliquot 
of  a  nanoshell  solution  was  first  dried,  and  the  particles  were  then  redispersed  in  15  mL  of  DI 
water  using  ultrasonic  vibration.  Zinc  nitrate  hexahydrate  (0.3  mmol),  indium(III)  nitrate 
hydrate  (0.6  mmol),  and  thioacetamide  (2.4  mmol)  were  dissolved  under  vigorous  stirring.  The 
reaction  was  then  carried  out  in  a  microwave  oven  at  120  °C  for  10  min.  The  as-prepared  GS- 
NS@Si02@ZIS  particles  were  collected  by  centrifugation  and  washed  with  DI  water  several 
times.  Finally,  the  composite  particles  were  placed  in  an  oven  at  80  °C  for  12  h  to  remove 
excess  water.  The  details  of  synthesis  of  GS-NSs  and  GS-NS@Si02  nanoparticles  can  be  found 
in  our  publication.1 

Preparation  of  SiC>2  and  surface  modification  for  subsequent  coating  with  ZIS 

The  Si02  NPs  were  generated  using  a  modified  Stober  method.6  In  this  procedure,  30  mL  of 
ethanol  was  mixed  with  2.4  mL  ammonium  hydroxide  in  round-bottomed  flask  and  stirred  for  5 
min.  Tetraethylorthosilicate  (TEOS;  1.24  mL)  was  then  added  into  the  flask  and  stirred  overnight. 
The  resulting  solution  was  centrifuged  at  6000  rpm  for  20  min.  The  synthesized  Si02  powders 
were  dried  in  an  oven  at  80  °C  for  12  h  to  remove  excess  solution.  For  modification  of  the  Si02 
surface,  3-mercaptopropyltrimethoxysilane  (MPS)  was  used.  Specifically,  30  mL  of  ethanol  and 
2.4  mL  of  ammonia  were  mixed  and  stirred  for  5  min.  SiCL  particles  (0.20  g)  were  added  and 
ultrasonicated  to  generate  a  uniform  dispersion.  MPS  (100  pL)  was  then  added  and  stirred 
overnight.  The  particles  were  dried  in  an  oven  at  80  °C  for  12  h  to  remove  water.  Finally,  the 
level  of  ZIS  precursor  concentrations  and  solid  content  of  SiCL  were  varied  to  achieve  optimum 
coverage  on  Si02. 

Preparation  of  SiCh@MPS@ZIS 
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Two  solutions  were  prepared  to  synthesize  ZIS  shell  on  SiC>2@MPS.  Solution  A  was  the  mixture 
of  0.09  g  zinc  nitrate,  0.18  g  indium(III)  nitrate,  dissolved  into  50  mL  deionized  water.  Solution 
B  was  0.18  g  thioacetamide  dissolved  into  50  mL  deionized  water.  The  preparation  of 
SiC>2@MPS@ZIS  was  the  following.  0.1  g  of  SiC>2@MPS  powder  was  dispersed  in  5  mL 
deionized  water.  Solution  A  (5  mL)  was  added  into  SiC>2@MPS  aqueous  solution.  The  mixture 
was  then  sonicated  for  2  h.  Solution  B  (5  mL)  was  added  and  stirred  for  5  min.  Finally,  the 
reaction  was  then  carried  out  in  a  microwave  oven  at  120  °C  for  10  min.  The  SiC>2@MPS@ZIS 
particles  were  collected  by  centrifugation  and  washed  with  DI  water  several  times.  Finally,  the 
composite  particles  were  placed  in  an  oven  at  80  °C  for  12  h  to  remove  excess  water. 

Preparation  of  Ag@Au@SnC>2 

The  dried  powders  of  GS-NSs  were  added  into  a  50  mL  flask  with  3  mL  of  ethanol  followed  by 
the  addition  of  0.2  mL  of  0.2  M  urea,  0.4  mL  of  0.08  M  of  sodium  stannate  trihydrate  and  50  pL 
of  0.1  M  sodium  hydroxide.  After  stirring  at  rt  for  1  h,  the  temperature  was  increased  to  135  °C, 
and  the  mixture  was  stirred  for  1  h.  The  as-prepared  Ag@Au@SnC>2  particles  were  collected  by 
centrifugation  at  6000  rpm  for  15  min  and  washed  with  ethanol  several  times. 

Preparation  of  THPC  silver,  platinum,  and  palladium  nanoparticles7 

For  the  silver  nanoparticles  prepared  in  a  tetrakis(hydroxymethyl)phosphonium  chloride  (THPC) 
solution  (THPC-AgNPs),  an  aqueous  solution  of  sodium  hydroxide  (0.5  mL,  0.024  g,  0.6  mmol), 
THPC  (12  mL  of  80%  THPC  in  1  mL  of  water),  and  45  mL  of  Milli-Q  water  were  added  to  a 
100  mL  round-bottomed  flask  and  vigorously  stirred  for  5  min.  An  aliquot  (2  mL,  0.01  g,  0.06 
mmol)  of  aqueous  AgNCL  was  then  added  quickly  to  the  mixture.  The  color  of  the  solution 
immediately  changed  from  colorless  to  dark  brown-yellow.  Vigorous  stirring  was  continued  for 
10  min.  Separately,  the  palladium  nanoparticles  generated  in  a  THPC  solution  (THPC-PdNPs) 
were  prepared  in  analogous  fashion,  affording  a  brown  solution.  For  the  procedure,  a  solution  of 
sodium  hydroxide  (0.5  mL,  0.02  g,  0.5  mmol),  and  1  mL  of  a  THPC  solution  (12  mL  of  THPC  in 
1  mL  of  water),  were  vigorously  stirred  for  5  min  in  a  100  mL  round-bottomed  flask  containing 
45  mL  of  Milli-Q  water.  After  the  allotted  time,  Na2PdCL  solution  (3  mL,  0.02  g,  0.06  mmol) 
was  quickly  added  to  the  mixture  and  stirred  for  10  min.  Platinum  nanoparticles  produced  from 
a  THPC  solution  (THPC-PtNPs)  were  prepared  using  a  slightly  different  procedure  that  involved 
heating  45  mL  of  water  to  90  °C  in  a  round-bottomed  flask,  and  then  adding  a  sodium  hydroxide 
solution  (0.5  mL,  0.024  g,  0.6  mmol),  and  subsequently  THPC  (12  mL  of  80%  THPC  in  1  mL  of 
water).  The  solution  was  vigorously  stirred  for  1  min,  and  then  3.0  mL  of  K^PtCL  was  added 
quickly.  The  solution  was  vigorously  stirred  for  10  min  and  then  cooled  to  room  temperature. 
During  the  first  10  min  of  the  cool  down,  the  solution  turned  dark  brown  in  color.  Each  of  the 
THPC-mNP  seed  solutions  was  used  as  described  in  the  next  paragraph. 

Preparation  of  amine-functionalized  silica  nanoparticles7 

Large  silica  core  particles  were  prepared  using  the  well-known  Stober  method.6  Briefly,  NH4OH 
(1.0  mL)  was  added  to  a  mixture  of  aqueous  ethanol  (7.0  mL  H2O/I2.O  mL  EtOH)  and  stirred  at 
23  °C  for  10  min.  Next,  TEOS  (0.4  mL)  was  quickly  added  to  the  mixture  and  stirred  5  h, 
yielding  monodisperse  silica  nanoparticles.  For  amine  functionalization,  APTMS  (0.5  mL)  was 
then  added  to  the  stirred  silica-particle  solution.  Vigorous  stirring  of  the  solution  was  continued 
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overnight  for  12  h,  and  then  the  solution  was  refluxed  1  h  to  ensure  complete  amine 
functionalization.  To  purify  the  silica  particles,  the  solution  was  cooled  to  rt,  centrifuged  at 
3000  rpm  for  1  h  and  redispersed  in  50  mL  of  ethanol.  The  cleansing  cycle  was  repeated  two 
times  to  ensure  the  purity  of  the  APTMS-functionalized  silica  nanoparticles.  Briefly,  THPC- 
mNP  seeds  were  assembled  onto  the  silica  cores  by  mixing  45  mL  of  the  THPC-mNP  seeds  with 
the  amine-functionalized  silica  cores  (0.25  mL)  with  gentle  shaking.  The  final  mixed  solutions 
were  allowed  to  set  4  h,  2  h,  and  1  h  for  the  attachment  of  the  THPC-AgNPs,  THPC-PtNPs,  and 
THPC-PdNPs  seeds,  respectively. 

Growth  of  SiC>2-core  metal  nanoshells7 

For  producing  the  metal  nanoshells,  the  appropriate  reducible  metal  salt  solution  was  first 
prepared.  For  silver  nanoshells,  the  growth  solution  was  produced  by  adding  silver  nitrate  (0.002 
g)  to  50  mL  of  water.  For  platinum  nanoshells,  this  was  accomplished  by  adding  0.5  mL  of  1 
wt%  K2PtCL  to  a  solution  of  potassium  carbonate  (0.008  g  in  34  mL  of  water),  followed  by 
vigorous  stirring.  For  palladium  nanoshells,  a  0.5  mM  solution  of  palladium  chloride  was 
prepared  by  dissolving  0.018  g  of  PdCh  in  a  mixture  of  196  mL  of  water  and  4  mL  of  a  50  mM 
HC1  solution.  The  seeded  growth  of  the  metal  nanoshells  was  initiated  by  first  stirring  4  mL  of 
the  appropriate  metal  salt  solution  with  varying  amounts  of  THPC-mNP  seeded  silica 
nanoparticles  (0.1  to  1.0  mL)  in  a  25  mL  beaker  for  5  min.  It  should  be  noted  that  adding  more 
silica  core  particles  to  a  set  amount  of  metal  salt  solution  decreases  the  shell  thickness.  Next,  the 
desired  metal  shell  was  formed  by  the  reduction  of  the  corresponding  metal  salt  using  an 
appropriate  reducing  agent.  Silver  nanoshells  were  formed  by  simultaneously  adding  50  mL  of 
formaldehyde  and  50  mL  of  ammonium  hydroxide.  Platinum  nanoshells  were  formed  by  simply 
adding  50  mL  of  formaldehyde,  and  palladium  shells  were  similarly  formed  using  0.3  mL  of  L- 
ascorbic  acid  (100  mM).  To  ensure  complete  shell  growth,  the  reaction  mixtures  were 
vigorously  stirred  for  5  min.  The  metal  nanoshells  were  then  centrifuged  at  2500  rpm  for  15  min 
and  redispersed  in  water,  with  no  signs  of  aggregation. 

Galvanic  replacement  of  Pd  with  K-Gold8 

Au  nanocages  were  synthesized  by  galvanic  replacement  of  Pd  with  Au.  In  a  standard  procedure, 
6  mL  of  Pd  nanocube(NC)  solution,  300  pL  of  KI  (from  a  5  mM  KI  solution),  and  50  mg  of 
cetyltrimethyl  ammonium  bromide(CTAB)  were  added  to  a  40  mL  vial.  This  mixture  was 
heated  to  50  °C  in  an  oil  bath  with  constant  stirring  at  400  rpm  and  kept  at  that  temperature  for 
30  min.  A  4  mL  aliquot  of  K-gold  solution  was  then  added  to  the  flask,  the  temperature  was 
raised  to  80  °C,  and  this  temperature  was  maintained  for  1.5  h.  The  resulting  solution  was  then 
centrifuged  at  5000  rpm,  the  supernatant  was  decanted,  and  the  particles  were  redispersed  in 
Millipore  water.  This  procedure  was  repeated  two  times  with  the  as-synthesized  Pd@Au 
nanocages  being  redispersed  in  6  mL  of  Millipore  water.  The  amount  of  added  KI  and  K-gold 
influences  the  course  of  the  galvanic  replacement  reaction.  Four  representative  samples  of  the 
Pd@Au  nanocages  (4  stages)  were  synthesized  to  illustrate  the  process  of  nanocage  growth 
during  the  galvanic  reaction.  Also,  an  Au  nanoframe  was  prepared  by  expanding  the  size  of  the 
facial  openings  of  the  nanocage  as  compared  to  that  of  the  third-stage  nanocage  (Pd@Au). 
Separately,  a  Pd@Au  nanoparticle  having  a  spherical  shape  was  synthesized  using  relatively 
large  amounts  of  KI  and  K-gold. 
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Results  and  Discussion 

Our  research  involved  the  synthesis  of  the  GS-NS@Si02@ZIS  core-shell  particles  and  their 
photocatalytic  hydrogen  production.  After  preparing  three  sizes  of  GS-NSs  with  LSPR  maxima 
centered  at  500,  700,  and  900  nm,  coating  the  GS-NSs  with  a  shell  of  silica  (Si02)  having  two 
different  thicknesses,  17  nm  and  42  nm,  surface  modification,  coated  with  the  photocatalyst,  zinc 
indium  sulfide  (ZnIn2S4;  ZIS),  we  evaluated  the  photocatalytic  water-splitting  activities  of  these 
composites  and  compared  the  activities  to  that  of  undoped  ZIS  samples.  Nanocomposites  with  a 
17  nm  interlaying  silica  shell  surpassed  those  with  no  shell  (i.e.,  a  2.6  times  faster  rate  of  H2 
production),  but  increasing  the  silica  shell  thickness  to  42  nm  had  a  detrimental  effect  on  the 
photocatalytic  activity,  see  Figure  1.  These  results  indicate  that  the  enhancements  afforded  by 
the  GS-NSs@Si02  particles  probably  originate  from  improved  charge  transfer  between  the  GS- 
NSs  and  the  ZIS  matrix  via  resonant  energy  transfer  (RET)  and  local  electromagnetic  field 
enhancement  (LEMF)  mechanisms  as  shown  in  Scheme  l.1 


Absorption  of  GS-NS  (nm) 

Figure  1.  Enhancement  in  photocatalytic  activities  of  GS-NS  @SiC>2@ ZIS  samples  with  various  silica 
coatings  and  selected  GS-NSs  absorption  maxima.  Reprinted  with  permission  from  reference  1 
(Copyright  2016  American  Chemical  Society) 

The  lifetime  of  electron  observed  by  time-resolved  photoluminescence  (TRPL). 

To  explore  the  charge-carrier  dynamics,  time-resolved  photoluminescence  (TRPL)  was  used  to 
retrieve  the  lifetime  of  excited  electrons  in  the  conduction  band.  Figure  2(a)  left  shows  the 
traditional  TRPL  setup  that  only  one  pulse  laser  was  used.  Coupled  with  time-correlated  single 
photon  counting  (TCSPC),  the  charge  carrier  dynamics  in  the  nanosecond  regime  associated  with 
ZIS  semiconductor  can  be  studied.  Here,  375  nm  pulse  laser  was  used  to  excite  the  valence 
electrons  within  ZIS  matrix.  Note  that  the  energy  band  gap  of  ZIS  is  -2.25  eV,  which 
corresponds  to  an  absorption  at  550  nm.  However,  three  types  of  GS-NS  with  LSPR  maxima 
centered  at  500,  700,  and  900  nm  covered  with  ZIS  photocatalyst  were  used.  One  laser  source 
cannot  excite  both  the  LSPR  of  GS-NS  and  electrons  associated  with  ZIS  at  the  same  time.  Thus, 
one  additional  light  source  was  installed  as  the  background  light  to  excite  the  LSPR  of  the  GS- 
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Scheme  1.  Illustration  of  the  Energy  Transfer  Mechanisms  in  ZIS  Composites  Doped  with  Silica-Coated 
GS-NSs.  Adapted  with  permission  from  reference  1  (Copyright  2016  American  Chemical  Society). 


GS-NS  Si02  Photocatalyst 


NSs.  Here,  continuous  wave  (CW)  was  used  to  denote  the  background  illumination,  in  which  a 
monochromatic  light  source  was  utilized  (Figure  2(a)  right).  The  photoluminescence  was 
monitored  continuously  with  time  for  each  sample. 


(b) 


0  1  2  3  4  5 

Time(ns) 


Figure  2.  Time-resolved  photoluminescence  experiment  (a)  single  pulse  laser  excitation  (left)  and  single 
pulse  laser  excitation  with  continuous-wave  light  excitation  (right),  (b)  PL  intensity  decay  spectra. 
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The  PL  decay  spectra  are  highly  dependent  on  the  lifetime  of  charge  carriers,  and  assumed  to  be 
the  first-order  reaction  kinetics  (Figure  2(b)).  The  reaction  rate  and  lifetime  of  charge  carriers 
can  be  derived  by  fitting  the  data  to  the  first-order  reaction  kinetics: 

dC  a* 

~rA *  =  =  kCA  ,r A*  <x  k 

CA> 

ln-P-  =  -kt 

C0 

1 

—>  Ca*  =  Cn  •  e  kt  k  oc  — 

1 

-»  r  A  oc  k  oc  — 

A  T 


The  increase  of  charge  carriers  can  be  further  derived  by  comparing  the  reaction  rate  with  and 
without  LSPR  excitation  through  the  following  equation: 


Increase  of  charge  carriers  =  r,1° SPR — r-^- 

rno SPR 


k no  SPR  ~  K SPR 
kno SPR 


1 _ 1 

Two  SPR  ISPR 

1 


Tno  SPR 


Finally,  the  data  are  shown  in  The  effects  of  ZIS  precursor  concentration  and  the  solid  content  of 
the  SiC>2  particles  were  systematically  studied.  First,  we  compared  the  difference  in  the  ZIS 
coating  both  with  and  without  MPS  surface  modification.  Figure  3  shows  TEM  images  of 


Table  1.  Although  the  CW  light  intensities  of  three  excitation  wavelengths  were  different,  these 
TRPL  data  still  can  provide  important  information,  such  as  the  role  of  the  SiCL  thickness.  From 
the  hydrogen  production  experiment,1,4  the  interlayer  of  dielectric  silica  (SiCh)  between  the  GS- 
NSs  and  the  ZIS  photocatalyst  is  one  of  the  key  parameters  to  enhance  the  production  of 
hydrogen  and  selectively  terminate  charge-transfer  pathways  to  distinguish  the  charge-transfer 
mechanisms.  The  direct  transfer  of  hot  electrons  from  the  GS-NSs  to  the  ZIS  photocatalyst  was 
blocked  by  this  layer.  Of  the  10  particle  samples  examined  in  this  study,  the  most  increase 
charge  carriers  was  observed  for  GS-NSs  having  a  Si02  interlayer  thickness  of~17  nm. 
However,  for  the  GS-NS-containing  particles  with  no  Si02  interlayer,  the  charge  carrier  lies 
between  that  of  the  thin  (~17  nm)  and  thick  (~42  nm)  Si02  interlayers.  The  reduced 
enhancement  compared  to  the  GS-NS(n)@Si02(17)@ZIS  particles  can  be  attributed  to  the 
absence  of  a  dielectric  interlayer  whose  blocking  ability  prevents  the  photoexcited  electrons  from 
transferring  back  to  the  GS-NS.  Separately,  the  thicker  shell  reduces  the  contribution  from  the 
electric  field  effect  upon  the  surrounding  ZIS  matrix.  This  observation  agreed  well  with  the 
TRPL  data  shown  in  Table  1.  Our  next  step  is  to  investigate  further  the  direct  electron  transfer 
between  photocatalyst  and  GS-NS  without  the  Si02  interlayer.  The  results  can  shed  light  on  the 
understanding  the  behavior  of  hot  electron  injection  from  the  plasmonic  nanoparticles  directly 
into  the  semiconductor. 

Thickness  control  of  ZIS  coating  on  the  Si02  surface. 

Our  first  generation  GS-NS @Si02@ZIS  exhibited  promise  for  enhanced  hydrogen  production, 
due  to  the  existence  of  plasmonic  GS-NS.1,4  However,  a  better  control  over  the  thickness  of  ZIS 
shell  enables  us  to  optimize  further  the  sunlight  absorption  and  photo-generated  electron-hole 
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separation.  In  this  study,  SiCL  particles  were  synthesized  first  with  a  similar  size  of  the  GS- 
NS@SiC>2  to  mimic  the  surface  chemistry.  We  used  3-mercaptopropyltrimethoxysilane  (MPS)  to 
modify  the  surface  of  the  SiCL  particles.  The  effects  of  ZIS  precursor  concentration  and  the  solid 
content  of  the  SiC>2  particles  were  systematically  studied.  First,  we  compared  the  difference  in 
the  ZIS  coating  both  with  and  without  MPS  surface  modification.  Figure  3  shows  TEM  images 
of 


Table  1.  Factors  that  Affect  the  Charge  Carriers 


cw 

light  intensity 
(pW) 

z  (ns) 

Sample 

NoSPR 

SPR 

increase  oi 
charge  carriers 

500-no 

3.922 

4.373 

10.52% 

1.670 

500-17 

3.738 

4.484 

16.64% 

500-42 

4.173 

4.220 

2.40% 

700-no 

3.326 

3.466 

4.04% 

0.779 

700-17 

3.559 

3.910 

8.98% 

700-42 

3.181 

3.212 

0.97% 

900-no 

3.746 

3.939 

4.90% 

1.890 

900-17 

3.934 

4.250 

7.44% 

900-42 

3.696 

3.749 

1.41% 

the  morphologies  of  the  SiC>2@ZIS  core-shell  particles  with  (Figure  3(a))  and  without  (Figure 
5(b))  the  MPS  surface  modification.  The  figures  show  aggregation  of  ZIS  on  the  SiC>2  without 
surface  modification,  but  more  homogeneous  coverage  on  the  SiCL  with  surface  modification. 
Preferential  adsorption  of  ZIS  precursors  onto  the  thiol  functional  group  is  evident  from  these 
TEM  images.  MPS  modification  will  be  applied  to  all  of  the  SiC>2  particles  in  the  following 
experiments. 


Figure  3.  TEM  images  of  aggregation  of  ZIS  on  the  silica  (a)  with  (b)  without  modification. 

Next,  we  examined  the  influence  of  the  ZIS  precursor  concentration.  The  concentration  of  ZIS 
precursor  was  increased  from  5  x  10“5  to  5  x  10-4  M.  As  seen  in  Figure  4(a),  ZIS  nucleated 
randomly  on  the  SiC>2  surface  and  in  the  solution  at  the  higher  precursor  concentration,  creating 
sheet-like  ZIS  structures  extending  into  the  solution,  rather  than  homogeneously  growing  on  the 
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SiC>2  surface.  In  this  microwave-assisted  hydrothermal  process,  H2S  gas  was  generated  during 
the  reaction.  A  higher  amount  of  ZIS  precursor  leads  to  higher  pressure  due  to  evolved  gas, 
giving  rise  to  a  higher  nucleation  rate.  We  then  examined  the  influence  of  the  solid  content  of 
SiC>2  particles  at  a  lower  ZIS  precursor  concentration.  Due  to  the  lower  solid  content  of  the 
received  GS-NSs,  we  decreased  the  concentration  of  SiCL  particles  to  simulate  the  real  situation. 
We  observed  that,  with  a  decrease  in  the  number  density  of  SiCL  particles,  the  heterogeneous 
nucleation  sites  also  decrease  (see  Figure  4( b)).  Less  nucleation  density  leads  to  aggregates  of 
ZIS.  In  summary,  uniform  ZIS  coatings  on  SiCh  particles  were  obtained  using  lower 
concentration  ZIS  precursors  and  a  higher  SiCL  solid  content. 


(a) 


Decrease  Si02  (core) 


Figure  4.  The  effect  of  (a)  concentration  of  ZIS  precursor  (b)  silica  content  to  the  surface. 


To  this  end,  we  have  obtained  a  reprodicible  procedure  of  preparing  uniform  ZIS  coatings  on 
SiC>2  particles.  These  parameters  were  used  to  synthesize  various  thicknesses  of  ZIS  shell  in  a 
controlled  fashion.  First,  the  crystal  structures  of  Si02@ZIS  core-shell  particles  were  examined 
using  XRD.  The  pattern  shows  the  diffraction  peaks  of  ZIS,  bare  SiCh,  and  the  core-shell  particle 

( 

Figure  5(a)).  The  high-resolution  TEM  image  of  the  core-shell  particle  shows  the  deposition  of 
ZIS.  The  images  below  demonstrate  a  fringe  spacing  corresponding  to  the  (102)  plane  of  the 

hexagonal  phase  ZIS  ( 


Figure  5(b)). 
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(a) 


(b) 


Figure  5.  (a)  XRD  patterns  of  a.  bare  ZIS,  b.  bare  SiC>2  and  c.  SiC>2@ZIS,  and  (b)  TEM  images  of 


Si02@ZIS. 


Secondly,  the  thickness  of  ZIS  shell  increases  with  an  increase  in  reaction  cycles.  Figure  6  shows 
the  TEM  images  and  corresponding  increase  in  thickness  of  ZIS  after  each  growth  cycle.  The 
diameters  of  SiC>2@ZIS  core-shell  particles  were  determined  using  dynamic  light  scattering 
(DLS)  and  directly  from  TEM  images.  Both  data  show  similar  results,  with  slightly  larger 
particle  sizes  from  the  DLS  measurements,  due  to  the  larger  hydrodynamic  radius.  As  seen  in 
Table  2,  each  deposition  cycle  increased  the  thickness  of  the  ZIS  shell  by  an  average  of  ~9  nm. 


d  ^  193  nm 


d  209  nm 


d  i?  226  nm 


d  =?  246  nm 


Thickness  =  8  nm 


increase  in 
Thickness  =  8.5  nm 


Increase  in 
Thickness  =  10  nm 


Figure  6.  TEM  images  of  SiC>2@ZIS  particles  with  different  ZIS  deposition  cycles. 


Table  2.  Average  Diameter  of  SiC>2@ZIS  Particles  Determined  Using  DLS  and  TEM  Images 


Si02 

Si02@MPS 

1st 

2nd 

3rd 

4th 

Average 

Diameter 

182  ±38 

197  ±53 

223  ±  49 

237  ±52 

268  ±51 

284  ±  69 
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From  DLS 
(nm) 

Average 

Diameter 

FromTEM  180  ±6  192  ±6  208  ±  6  225  ±  8  245  ±  6  266  ±  8 

(nm) 


Finally,  absorption  and  hydrogen  production  experiments  were  performed.  An  enhancement  of 
absorption  with  increasing  deposition  cycle  was  observed  (Figure  7(a)).  The  enhancement  can  be 
attributed  to  a  thicker  ZIS  shell  that  can  absorb  more  solar  energy.  However,  the  hydrogen 
production  rate  exhibits  a  different  trend  (Figure  7(b)).  The  H2  evolution  rate  was  calculated 
based  on  the  weight  of  the  active  ZIS  material.  The  H2  production  rate  of  bare  ZIS  is  the  lowest, 
indicating  the  worst  utilization  of  photocatalyst  among  the  samples  tested.  Si02@ZIS  with  only  1 
deposition  cycle  showed  the  highest  H2  evolution  rate.  The  H2  evolution  rate  then  gradually 
decreased  with  increasing  ZIS  thickness.  Photocatalytic  H2  production  arises  from  the 
competition  between  absorption  and  photo-generated  electron-hole  recombination.  The 
crystallinity  of  the  Si02@ZIS  is  not  as  good  as  that  of  bare  ZIS,  leading  to  a  higher  electron-hole 
recombination.  On  the  other  hand,  the  electron  and  hole  diffusion  length  within  the  ZIS  shell 
cannot  be  found  in  the  literature.  Continuing  studies  will  enable  us  to  modify  our  synthesis 
process  to  enhance  the  crystallinity  of  the  ZIS  shell,  as  well  as  to  determine  the  charge  transfer 
parameters  using  light-intensity  modulation  techniques. 


In  this  part  of  our  research,  the  experimental  findings  demonstrate  that  the  surface  modification 
on  Si02  surfaces  promotes  nucleation  of  ZIS,  leading  to  a  homogeneous  coverage.  Additionally, 
the  thickness  of  the  ZIS  shell  can  be  easily  tuned  using  microwave-assisted  hydrothermal 
synthesis.  Our  facile  procedure  paves  the  way  to  generate  an  even  more  complex  structure,  GS- 
NS@dielectric@photocatalyst,  for  optimizing  the  production  of  solar  hydrogen. 


Wavelength(nm) 


Figure  7.  (a)  Absorption  (b)  H2  evolution  of  different  deposition  cycles  of  ZIS. 
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Coating  of  SnC>2  nanoshells. 

We  are  also  exploring  the  use  of  nanoshells  coated  with  tin  oxide  rather  (SnCh)  than  silica 
(Si02).  Tin-oxide  (SnCL)  is  an  attractive  material  for  coating  plasmonic  materials  for 
photocatalytic  reactions  due  to  its  excellent  charge  mobility.  In  addition,  tin  oxide-coated 
nanoparticles  are  more  stable  than  silica  coated  ones  over  a  wide  range  of  pH  conditions.9  We 
anticipate  that  these  properties  will  lead,  not  only  to  enhanced  H2  production,  but  also  to 
photocatalytic  devices  with  long-term  stability.  We  are  currently  pursuing  two  kinds  of  SnC>2- 
coated  GS-NSs.  Our  first  approach  starts  with  a  silica-coated  GS-NS  core;  subsequently,  a  thin 
layer  of  tin  oxide  is  deposited  on  these  particles.  The  formation  of  a  Sn02  layer  simultaneously 
etches  out  the  silica  layer  in  a  single  step  (Scheme  2).  In  this  step,  basic  conditions  (NaOH) 
facilitate  the  removal  of  the  silica  shell  and  assist  with  the  Sn02-coating  process.  Nanoshells 
generated  from  this  method  exhibit  a  yolk-shell  type  structure  with  a  void  space  between  the  tin 
oxide  shell  and  the  GS-NS  core.  These  new  particles  have  been  prepared  at  the  university  of 
Houston  (see  Figure  8)  and  shipped  to  National  Central  University  in  Taiwan  for  analysis  of  their 
photocatalytic  activity  as  co-catalysts  for  hydrogen  production. 


Scheme  2.  Strategy  for  the  Synthesis  of  SnC>2-Coated  Yolk-Shell  Nanoparticles. 


Ag  NPs 


Ag@Au  NPs 


Ag@Au@Si02 
Core-shell  NPs 


Ag@Au@Sn02 
Yolk-shell  NPs 


Figure  8.  SiC>2-coated  GS-NS  particles  (left)  and  SnC>2-coated  yolk-shell  GS-NSs  (right). 
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The  second  approach  involves  the  direct  coating 
of  a  tin  oxide  layer  on  the  GS-NSs  to  afford  a 
core-shell  structure  (Scheme  3).  These  particles 
show  a  broad  extinction  in  the  near  infrared  that 
extends  beyond  1000  nm  (see  Figure  9). 


Scheme  3.  Synthesis  of  SnC>2-Coated  GS-NSs. 
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Figure  9.  Extinction  spectrum  of  SnC>2-coated 
GS-NSs. 


These  two  newly  developed  classes  of  tin  oxide- 
coated  nanoparticles  will  be  used  to  fabricate  a 
second  generation  of  ZlS-based  photocatalytic 
systems.  Subsequently,  their  performance  will 
be  compared  to  the  earlier  mentioned  first- 
generation  ZIS  photocatalysts  (described  above 
having  silica  shells).  Such  comparisons  will 
further  our  understanding  of  the  fundamental 
energy-transfer  mechanisms  occurring  within 
these  composite  particles. 


We  are  also  developing  methods  to  coat  the  GS- 
NSs  with  zinc-  and  antimony-doped  SnCL 
(Scheme  4);  examples  of  our  recent  syntheses  of  these  new  particles  are  shown  in  Figure  10. 
Doped  oxide  films,  commonly  called  transparent  conducting  oxides  (TCOs),  have  shown  great 
promise  in  photoelectrochemical  reactions.  Synthetic  routes  for  the  preparation  of  these  particles 
are  currently  being  optimized,  and  their  optical  properties  are  being  studied.  Other  possible 
dopants  are  also  being  considered  for  enhancing  the  properties  of  our  composite  system.  In 
addition,  we  are  seeking  an  alternative  recipe  for  the  synthesis  of  Ag  nanoparticles  that  is  more 
reproducible  than  our  current  one  (and  one  that  gives  exclusively  spherical  particles). 


Scheme  4.  Strategy  for  Coating  GS-NSs  with  Zn-  and  Sb-Doped  Sn02  (ZTO  and  ATO). 


Ag@Au@ZTO  NPs 
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Figure  10.  TEM  images  of  GS-NSs  core  coated  with  ZTO  (left)  and  ATO  (right). 


Metal  seed  nanoparticles. 

As  part  of  our  ongoing  efforts  to  improve  the  synthesis  of  metal  nanoshells,  we  developed  new 
routes  for  the  preparation  of  silver,  platinum,  and  palladium  seed  nanoparticles  functionalized 
with  tetrakis(hydroxymethyl)phosphonium  chloride  (THPC),  and  demonstrated  their  use  in  the 
synthesis  of  Ag,  Pt,  Pd,  and  Pt/Ag  Nanoshells,  see  Scheme  5. 7  While  the  use  of  THPC-gold 
nanoparticles  to  seed  metal  nanoshells  is  well  known,  the  process  is  time  consuming  and  requires 
highly  concentrated  seeding  solutions.  Our  THPC-mNPs  were  used  to  rapidly  seed  the  growth 
of  a  variety  of  metal  nanoshells,  including  the  successful  generation  of  highly  uniform  platinum 
and  palladium  nanoshells  grown  from  their  own  seeds. 

Scheme  5.  Strategy  for  the  Synthesis  of  Metal  Nanoshells  (Ag,  Pt,  and  Pd)  using  THPC-Coated  mNPs. 
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In  addition  to  the  GS-NS  plasmonic-based 
systems,  we  explored  the  preparation  of  silver- 
free  Au  nanocages  from  cubic  palladium 
templates  (Scheme  6). 8  Pd  nanocubes  were 


subjected  to  galvanic  replacement  with  Au3+  to 


produce  Pd@Au  nanocages  having 


Au  Nanocage 
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tunabledimensions  (i.e.,  edge  length,  gold  layer  thickness,  and  hollow  pore  size),  which  allowed 
selectable  positioning  of  the  optical  extinction  maxima  from  the  visible  to  the  near  infrared  (see 
Figure  11).  These  new  nanocages  circumvent  the  problems  associated  with  previous  Ag-derived 
gold  alloy  nanocages,  which  suffer  from  the  toxicity  of  residual  silver  and  the  possible 
fragmentation  of  such  alloyed  nanostructures,  thereby  limiting  their  potential  applications.  In 
contrast,  the  present  materials  represent  stable,  nontoxic,  tunable,  hollow  plasmonic 
nanostructures. 


Photonic  iron  oxide  nanoparticles 
(Fe304)  as  co-catalysts. 

Separate  studies  are  exploring  the  use  of 
photonic  iron  oxide  (FesCL)  nanoparticles 
as  co-catalysts  in  photocatalytic  water 
splitting.  We  are  in  the  process  of 
synthesizing  highly  crystalline  FesCL 
nanospheres  and  nanocubes,  and  we  are 
evaluating  their  visible  to  NIR  absorptions 
to  determine  the  influence  of  shape,  size, 
and  crystallinity  on  the  corresponding 

Scheme  6.  Synthesis  Strategy  for  Preparing 
Tunable  Au  Nanocages.  Adapted  from 
reference  8. 


Figure  11.  Morphological  changes  of  Pd@Au 
nanocages  at  different  stages  of  galvanic  replacement 
reaction  and  their  corresponding  LSPR  peak  positions. 
Adapted  from  reference  8. 


optical  properties.  Our  preliminary  results  indicate  thus  far  that  highly  crystalline  Fe304 
nanoparticles  with  a  spherical  morphology  show  a  broad  optical  absorption  over  the  visible  to 
NIR  range  with  absorption  maxima  centered  at  650  nm  (see  Figure  12a)  or  even  longer 
wavelengths  (see  Figure  12b). 
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Figure  12.  Synthetic  methods,  extinction  spectra,  and  TEM  images  of  spherical  and  cubic  Fe3C>4 
nanoparticles  prepared  via  (a)  thermal  decomposition  and  (b)  a  solvothermal  process. 
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